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Rarely have solid compounds gained such a sudden attention as the methylammonium lead halide (X=Cl, Br, I) perovskites. Their application as light‐harvesters in dye‐sensitized solar cells has allowed for the fabrication of all‐solid‐state devices with very high cell efficiencies (\>22 %).[1](#anie201701724-bib-0001){ref-type="ref"}, [2](#anie201701724-bib-0002){ref-type="ref"}, [3](#anie201701724-bib-0003){ref-type="ref"}, [4](#anie201701724-bib-0004){ref-type="ref"} However, stability of these chemically weak compounds has proven to be a tough obstacle to overcome,[5](#anie201701724-bib-0005){ref-type="ref"} and considerable polarization phenomena affecting charge transport have been observed at long timescales/low frequencies in devices during operation.[6](#anie201701724-bib-0006){ref-type="ref"}, [7](#anie201701724-bib-0007){ref-type="ref"}, [8](#anie201701724-bib-0008){ref-type="ref"} For all these phenomena, ion conduction is a key process, and while its influence on degradation kinetics[9](#anie201701724-bib-0009){ref-type="ref"}, [10](#anie201701724-bib-0010){ref-type="ref"} and electrode reactions[11](#anie201701724-bib-0011){ref-type="ref"} is rather evident, its role in polarization processes deserves some comments. When a material exhibiting both electronic and significant ionic conductivity is charged by a current while placed between neighboring phases that block ion transfer, stoichiometric gradients throughout the bulk of the material occur, necessarily involving both ionic and electronic charge carriers.[12](#anie201701724-bib-0012){ref-type="ref"}, [13](#anie201701724-bib-0013){ref-type="ref"} This situation can be expected to take place in all perovskite solar cell devices due to the ion‐blocking nature of the neighboring phases.[14](#anie201701724-bib-0014){ref-type="ref"} In addition to this phenomenon, which comprises the entire bulk, space charge polarization occurs at the interface between perovskite and neighboring phases but on a completely different length scale (for generalized treatments the reader is referred to literature[15](#anie201701724-bib-0015){ref-type="ref"}, [16](#anie201701724-bib-0016){ref-type="ref"}). Mobile ionic point defects are of great significance for such space charge potentials at the contacts, be they present already in equilibrium or generated under load,[17](#anie201701724-bib-0017){ref-type="ref"} and hence they are important for electronic carrier extraction and thus for device performance.[18](#anie201701724-bib-0018){ref-type="ref"} Even though the halide ion has been known to be conductive in similar compounds,[19](#anie201701724-bib-0019){ref-type="ref"}, [20](#anie201701724-bib-0020){ref-type="ref"} mixed conduction in hybrid halide perovskites (specifically in CH~3~NH~3~PbI~3~, MAPbI~3~ in short) has been measured directly only recently.[14](#anie201701724-bib-0014){ref-type="ref"} In that study, predominant I^−^ motion is reported, in agreement with recent modeling results[21](#anie201701724-bib-0021){ref-type="ref"}, [22](#anie201701724-bib-0022){ref-type="ref"} and experimental observations.[23](#anie201701724-bib-0023){ref-type="ref"}, [24](#anie201701724-bib-0024){ref-type="ref"}, [25](#anie201701724-bib-0025){ref-type="ref"}, [26](#anie201701724-bib-0026){ref-type="ref"}, [27](#anie201701724-bib-0027){ref-type="ref"} In parallel, dominant ion conduction through methylammonium (MA) ions has been claimed in a number of other contributions.[28](#anie201701724-bib-0028){ref-type="ref"}, [29](#anie201701724-bib-0029){ref-type="ref"}, [30](#anie201701724-bib-0030){ref-type="ref"}, [31](#anie201701724-bib-0031){ref-type="ref"} Some reports even state the possibility of both ions being mobile.[32](#anie201701724-bib-0032){ref-type="ref"}, [33](#anie201701724-bib-0033){ref-type="ref"} Furthermore, as various lead compounds[34](#anie201701724-bib-0034){ref-type="ref"}, [35](#anie201701724-bib-0035){ref-type="ref"} show significant motion of the highly polarizable Pb^2+^ cation, this ion might also be a potential candidate for diffusion in MAPbI~3~. The ongoing controversy around this issue is reflected by recent publications.[36](#anie201701724-bib-0036){ref-type="ref"}, [37](#anie201701724-bib-0037){ref-type="ref"}

There is an urgent need to clarify this point, not only regarding device performance and understanding but also because conditioning of these compounds through stoichiometry control or doping depends crucially on the nature and effective charge of the relevant ionic charge carriers. In this respect, understanding equilibrium conditions is a prerequisite to analyze the situation under illumination, therefore in this paper we refer to dark conditions. Interestingly, as already mentioned in Refs. [14](#anie201701724-bib-0014){ref-type="ref"}, [38](#anie201701724-bib-0038){ref-type="ref"}, ionic conductivity in these compounds seems heavily influenced by light, an issue that deserves more detailed studies.[39](#anie201701724-bib-0039){ref-type="ref"} Herein, by applying electrochemical measurements (a.c. impedance, d.c. polarization, variation of stoichiometry, doping, faradaic reaction cells, emf measurements), tracer experiments, and NMR techniques (^207^Pb~1/2~, ^1^H~1/2~, ^13^C~1/2~, ^14^N~1~ NMR and ^127^I~5/2~ NQR) on MAPbI~3~, we give compelling evidence for iodine vacancies dominating the substantial ionic conductivity in this material. Our experiments also clearly establish electron holes as dominant electronic carriers in MAPbI~3~, if the iodine partial pressure is not extremely small. We focus on long‐range motion; a detailed discussion about short‐range dynamics (rotational/vibrational motion), as addressed in earlier studies,[40](#anie201701724-bib-0040){ref-type="ref"}, [41](#anie201701724-bib-0041){ref-type="ref"}, [42](#anie201701724-bib-0042){ref-type="ref"}, [43](#anie201701724-bib-0043){ref-type="ref"}, [44](#anie201701724-bib-0044){ref-type="ref"} is outside the scope of this paper.

In addition to applying d.c. galvanostatic polarization and a.c impedance measurements (Supporting Information, Figure S1) to separate ionic and electronic conductivity in MAPbI~3~,[14](#anie201701724-bib-0014){ref-type="ref"} we determine the ratio of the two contributions by measuring the emf of an iodine concentration cell, addressing the same thermodynamic conditions (Figure [1](#anie201701724-fig-0001){ref-type="fig"} a). The open circuit voltage is found to be close to the Nernst voltage indicating predominant ionic conductivity under the measurement conditions, in agreement with d.c. polarization studies.

![a) Equilibration of the emf voltage across a MAPbI~3~ pellet when the two faces are exposed to different iodine partial pressures (1.7×10^−7^ bar and 1.5×10^−5^ bar), measured at 403 K. Inset: Schematic of the experiment. According to polarization studies, under such conditions ionic conductivity should dominate (ionic transport number, *t* ~ion~≈1), therefore the emf voltage is expected to approach the thermodynamic Nernst voltage of 77 mV (details in Supporting Information Section 7). Error from *P*(I~2~) control was estimated as ±10 mV. b) XRD patterns of surfaces A and B of Cu foil, taken after the Faradaic reaction cell experiment, showing formation of CuI on B side. Inset: Schematic of the reaction cell (+Cu\|MAPbI~3~\|AgI\|Ag−). 25 nA cm^−2^ current was applied for one week under Ar atmosphere. Note that iodine is supplied to MAPbI~3~ from the AgI contact.](ANIE-56-7755-g001){#anie201701724-fig-0001}

As a second step, the major mobile ionic species is identified by applying a current for a given time through a Faradaic reaction cell of type +Cu \| MAPbI~3~ \| AgI \| Ag−. The only phase change observed is the formation of CuI at the Cu‐contact (B‐interface, Figure [1](#anie201701724-fig-0001){ref-type="fig"} b and the Supporting Information, Figure S2), which indicates only I^−^ transport and excludes significant Pb^2+^ or MA^+^ conductivity (details in the Supporting Information, Section 5). Consistent conclusions were obtained by replacing Cu with Pb electrodes. Indeed, as shown in the Supporting Information (Section 6) and in our previous publication,[14](#anie201701724-bib-0014){ref-type="ref"} a substantial formation of PbI~2~ is detectable for a Pb reaction cell at the expense of the Pb contact (B‐side). No changes are observable at the AgI contact (C‐side, Figure S4).

Interestingly, as shown in the Supporting Information (Section 2), ionic transport in MAPbI~3~ does not only persist under illumination, it appears to be enhanced (Figure S1 c,d). This peculiar feature was already briefly remarked on in Ref. [14](#anie201701724-bib-0014){ref-type="ref"} and confirmed by a recent publication.[38](#anie201701724-bib-0038){ref-type="ref"} At the moment, however, we do not have conclusive evidence on the nature of the conductive species under illumination.

Having measured ionic conductivity and having shown that it is due to iodide ions, we demonstrate that this conductivity is mechanistically due to iodine vacancies and not to iodine interstitials, as claimed in Refs. [45](#anie201701724-bib-0045){ref-type="ref"}, [46](#anie201701724-bib-0046){ref-type="ref"}. A firm indication is provided by analyzing the iodine partial pressure \[*P*(I~2~)\] dependence of the ionic conductivity. Iodine partial pressure variation, analogously to *P*(O~2~) in oxides, leads to a change in stoichiometry and, as a consequence, of charge carrier concentrations (Supporting Information, Section 4). As shown in Figure [2](#anie201701724-fig-0002){ref-type="fig"} a, in MAPbI~3~ ionic conductivity clearly decreases as a function of *P*(I~2~), while electronic conductivity increases. This behavior identifies the mobile ionic defect as vacancies of iodine, the concentration of which is decreased due to incorporation of I~2~ from the gas phase. More detailed considerations show that also the slope is in the expected range (slightly below 0, details in the Supporting Information, Section 4). Note that an ionic conduction due to iodine interstitials (or MA vacancies) would increase with *P*(I~2~). Additionally, the increment of electronic conductivity shown in Figure [2](#anie201701724-fig-0002){ref-type="fig"} a is indicative of *p*‐type electronic conduction, with the stronger increase being also theoretically expected (slope slightly below 0.5, details in the Supporting Information, Section 4).

![a) Ionic (σ~ion~, red) and electronic (σ~eon~, black) conductivity of a pure MAPbI~3~ pellet vs. *P*(I~2~), obtained from d.c. galvanostatic polarisation at 373 K. Closed (▪, ▪) and open (○, ▵) symbols represent points taken from low‐to‐high and high‐to‐low *P*(I~2~) respectively, to observe reversibility. b) Comparison between d.c. galvanostatic polarization curves of pure and Na‐doped (0.5 % at.) samples, when applying 150 nA cm^−2^ at 378 K, with *P*(I~2~)=2×10^−7^ bar. c) Schematic of the tracer diffusion experiment. d) ToF‐SIMS depth profile of a pure MAPbI~3~ pellet after diffusion annealing in contact with a pellet of ^13^CH~3~ ^15^NH~3~PbI~3~ (20 % enriched) for 133 hours at 378 K. Thick lines are to guide the eye. The ratio of ^13^C/C~tot~ (in black) is almost constant through the entire depth (ca. 1.1 %, that is, natural abundance).](ANIE-56-7755-g002){#anie201701724-fig-0002}

Doping experiments with sodium provide further independent and very clear evidence. Doping materials with aliovalent ions is a well‐established technique to tune their electrical (ionic and electronic) conductivities. According to the ionic radius, Na is expected to replace Pb, leading to an aliovalent substitutional doping and hence to an enhancement of the concentration of iodine vacancies and electron holes (details in the Supporting Information, Section 4). Na substitution on the Pb site of MAPbI~3~ was also recently referred to in Ref. [47](#anie201701724-bib-0047){ref-type="ref"}. Note that substitution of MA by Na would not lead to aliovalent doping and thus not to significant conductivity variations. As shown in Figure [2](#anie201701724-fig-0002){ref-type="fig"} b, doping with 0.5 % at. Na (Supporting Information, Figure S5) results in a large and similarly great increase of both ionic and electronic conductivity (\>1 order of magnitude) compared to pure MAPbI~3~. This behavior is in complete agreement with the proposed defect chemistry and specifically with an ionic conductivity due to iodine vacancies. Iodine interstitial or MA vacancy concentrations would be instead decreased by such an acceptor doping (details in the Supporting Information, Section 4). As the electron holes as electronic carriers can be attributed to the iodine orbitals, changes in iodine stoichiometry may be locally very fast, which may explain light effects not only on electronic but also on ionic transport (Supporting Information, Section 2).

To provide even more evidence for MA cations not being mobile, a tracer exchange experiment was performed, in which two samples of MAPbI~3~, one of which was ^13^C‐ and ^15^N‐enriched, were put in contact with each other (Figure [2](#anie201701724-fig-0002){ref-type="fig"} c). The secondary ion mass spectroscopy (SIMS) depth profile of a long‐time annealed sample in Figure [2](#anie201701724-fig-0002){ref-type="fig"} d shows absence of significant MA^+^ diffusion. Note that the surface roughness of the sample (Supporting Information, Figure S6) is well below the probed depth. If present at all, we may recognize a very weak diffusion profile in the first 2--3 μm, yielding an upper limit for the MA^+^ tracer diffusion coefficient of 9×10^−14^ cm^2^ s^−1^ at 378 K.

Additional information can be gained from the NMR and NQR data (typical ^1^H, ^13^C spectra are reported in Figure S7).

^14^N NMR spectra in Figure [3](#anie201701724-fig-0003){ref-type="fig"} a show, below phase transition, a clear quadrupolar splitting, that can exist only in the absence of isotropic motion of MA cations, that would otherwise result in a collapse of the signals. From this we conclude that, in the tetragonal phase, no long‐range MA diffusion can be present and that the rotational motion must take place without full reorientation of the molecule (tilted mode). Since above the phase transition only a single isotropic signal is expected,[40](#anie201701724-bib-0040){ref-type="ref"} its evaluation does not allow such a conclusion. Instead, direct evidence for the absence of long‐range MA^+^ motion also in the cubic phase stems from the temperature dependence of the ^1^H NMR signal, displayed in Figure [3](#anie201701724-fig-0003){ref-type="fig"} c. Indeed, the signal shows an almost constant linewidth between 193 and 503 K, indicating that the interactions responsible for such width are nearly constant in this range. As explained in detail in the Supporting Information (Section 13), the linewidth of ^1^H signal in MAPbI~3~ is comprised of several contributions (for example, ^1^H--^127^I dipole--dipole interactions), that are differently averaged by the motion (rotation) of the MA cation. The presence of fast isotropic translational motion of the MA cation (for example, due to the sample melting or to the occurrence of fast solid‐state diffusion) would lead to complete averaging of these interactions, causing the linewidth of the ^1^H signal to decrease 1000‐fold to a liquid‐like signal. The measurements up to 503 K (Figure [3](#anie201701724-fig-0003){ref-type="fig"} c) show no evidence of such behavior, ruling out perceptible long‐range MA^+^ diffusion in the temperature range probed. From these considerations we can estimate an upper limit for the MA^+^ diffusion coefficient of 4×10^−15^ cm^2^ s^−1^ at 343 K (and 6×10^−13^ cm^2^ s^−1^ at 378 K), which is consistent with the upper limit obtained from tracer diffusion. We can state that the values are 2--3 orders of magnitude too low to account for the ion conductivity measured. By assuming Schottky disorder we can also extract an upper limit for the methylammonium vacancy diffusivity of 3×10^−12^ cm^2^ s^−1^ at 343 K. Note that the lower limit for the diffusivity of the dominant ionic defect at the same temperature is 2×10^−9^ cm^2^ s^−1^, derived from conductivity measurements of Na‐doped samples (Supporting Information, Section 10). A similarly low upper limit for the diffusion coefficient of Pb (4×10^−15^ cm^2^ s^−1^ at 343 K) is derived from ^207^Pb NMR spectra. The position of the ^207^Pb signal in MAPbI~3~ at room temperature is in good agreement with what expected for Pb^2+^ ions coordinated to iodine[48](#anie201701724-bib-0048){ref-type="ref"} and shifted downfield with respect to pure PbI~2~ (Figure [4](#anie201701724-fig-0004){ref-type="fig"} a). The position of this peak prior to the measurements was estimated by DFT calculations (Supporting Information, Section 14). The signal position depends strongly on the temperature due to lattice expansion (Figure [4](#anie201701724-fig-0004){ref-type="fig"} b) but shows no sign of the phase transition at 327 K.

![a) ^14^N NMR spectra as function of temperature across the phase transition. Below 327 K the ^14^N spectra demonstrate a characteristic quadrupolar splitting with the asymmetry parameter of *η*=0. Temperature dependences of b) ^14^N spin‐lattice relaxation time *T* ~1~ and c) linewidth and spin‐lattice relaxation time *T* ~1~ in ^1^H NMR spectrum of MAPbI~3~. All the experimental points shown in this figure were obtained in several runs with both increasing and decreasing temperature. No indications of degradation have been detected.](ANIE-56-7755-g003){#anie201701724-fig-0003}

![a) Experimental ^207^Pb NMR spectra of MAPbI~3~ and PbI~2~ for comparison. Inset: Spin‐lattice relaxation *T* ~1~ as a function of temperature. The dependence is rather weak and is similar to what was reported for pure PbI~2~.[48](#anie201701724-bib-0048){ref-type="ref"} b) Temperature dependences of the ^207^Pb chemical shift and FWHM. Solid lines are a guide to the eye. A very short spin‐spin relaxation time *T* ~2~ (ca. 2×10^−5^ s) is detected for this signal, which is consistent with strong dipolar coupling and particularly cross‐relaxation to quadrupolar ^127^I.[49](#anie201701724-bib-0049){ref-type="ref"} c) Temperature dependence of ^127^I NQR transition frequencies (•=ν~±3/2↔±5/2~, ○=ν~±1/2↔±3/2~) in MAPbI~3~, demonstrating the phase transition at 327 K. d) Temperature dependence of the linewidth in ν~1~ NQR transition of MAPbI~3.~ Inset: Temperature dependence of the spin‐spin relaxation time in the two ^127^I NQR transitions of MAPbI~3~ (•=ν~±3/2↔±5/2~, ○=ν~±1/2↔±3/2~). Blue line indicates phase transition.](ANIE-56-7755-g004){#anie201701724-fig-0004}

The chemical shift anisotropy is either small or completely absent, as expected from a strong and symmetrical coordination of Pb^2+^ to I^−^. The fact that the signal, as shown in Figure [4](#anie201701724-fig-0004){ref-type="fig"} b, maintains a nearly constant linewidth with temperature indicates that no appreciable long‐range motion is present in the range probed (250--493 K). Along with the insensitivity to the phase transition and the strong dipolar coupling with ^127^I, this behavior strongly asserts the absence of long‐ and/or short‐range Pb^2+^ motion in MAPbI~3~. Concerning iodine, in spite of its large quadrupolar coupling constant (\>500 MHz), we were able to detect a reliable ^127^I NMR signal in MAPbI~3~ (Supporting Information, Figure S8). However, ^127^I NQR (Figure S9) turned out to be a more meaningful and suitable technique for this material. Even though these spectra do not give insights into long‐range motion of iodine, the results provide useful information on short‐range (rotational/vibrational) dynamics. Information on short‐range motions can be extracted also from ^14^N, ^1^H, and ^207^Pb spectra. As this is not the major focus of the present paper, we restrict ourselves to a few key points. The character of changes in the quadrupolar frequency with temperature in ^127^I NQR shown in Figure [4](#anie201701724-fig-0004){ref-type="fig"} c can be associated with planar torsional oscillation of I atoms about Pb centers, in a correlated fashion.[50](#anie201701724-bib-0050){ref-type="ref"}, [51](#anie201701724-bib-0051){ref-type="ref"} The FWHM of the ^127^I signal massively increases with temperature (Figure [4](#anie201701724-fig-0004){ref-type="fig"} d) indicating highly active short‐range dynamics of iodine atoms, which can either happen as a pre‐step or in parallel to long‐range motion. The aforementioned results revealed also fast rotational motion for MA^+^ (in agreement with Refs. [40](#anie201701724-bib-0040){ref-type="ref"}, [42](#anie201701724-bib-0042){ref-type="ref"}, [52](#anie201701724-bib-0052){ref-type="ref"}), which however appears decoupled from short‐range I^−^ dynamics (compare activation energies in Figures [3](#anie201701724-fig-0003){ref-type="fig"} b and [4](#anie201701724-fig-0004){ref-type="fig"} d, also Ref. [53](#anie201701724-bib-0053){ref-type="ref"}). Pb^2+^ cations finally appear immobile even at short length scale.

In summary, using a set of complementary techniques we revealed the nature of the decisive charge carriers in MAPbI~3~ under equilibrium conditions. Using d.c. polarization, a.c. impedance spectroscopy, and emf measurements, we have shown that the dark conductivity in MAPbI~3~ is to a substantial degree ionic. Faradaic reaction experiments demonstrated that this ion conduction is primarily due to iodine transport, whereby significant Pb^2+^ and MA^+^ diffusion can be excluded. The latter was also directly demonstrated by tracer experiments. NMR measurements are completely consistent in showing absence of significant Pb^2+^ and MA^+^ long‐range transport. Irrespective of long‐range motion, these results gave worthwhile information on the short‐range processes, in which highly active iodine dynamics were clearly observed. On the short‐range scale, and only in this length scale, MA cations show fast rotational dynamics as opposed to Pb cations that appear immobile on all length scales. Having elucidated the nature of the mobile ion, the next step was to identify the mechanism, that is, whether iodide motion occurs interstitially or through vacancies. This was unambiguously shown by studying ionic (and electronic) conductivity as a function of iodine partial pressure as well as by doping experiments. Both independently reveal iodine vacancies to be the responsible carriers for ion conduction (and electron holes for electronic conduction) in the parameter window under consideration. Having clarified the nature of charge carriers in MAPbI~3~ in equilibrium, a firm basis is now available on which results under illumination, in particular the indications of enhanced ionic transport, can rely on.
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